The autonomic nervous system (ANS) dysfunction has been well described in schizophrenia (SZ), a severe mental disorder. Nevertheless, the coupling between the ANS and central brain activity has been not addressed until now in SZ. The interactions between the central nervous system (CNS) and ANS need to be considered as a feedback-feed-forward system that supports flexible and adaptive responses to specific demands. For the first time, to the best of our knowledge, this study investigates centralautonomic couplings (CAC) studying heart rate, blood pressure and electroencephalogram in paranoid schizophrenic patients, comparing them with agegender-matched healthy subjects (CO). The emphasis is to determine how these couplings are composed by the different regulatory aspects of the CNS-ANS. We found that CAC were bidirectional, and that the causal influence of central activity towards systolic blood pressure was more strongly pronounced than such causal influence towards heart rate in paranoid schizophrenic patients when compared with CO. In paranoid schizophrenic patients, the central activity was a much stronger variable, being more random and having fewer rhythmic oscillatory components. This study provides a more in-depth understanding of the interplay of neuronal and autonomic regulatory processes in SZ and most likely greater insights into the complex relationship between psychotic stages and autonomic activity.
Material and methods (a) Patients
In this study, 17 patients with paranoid schizophrenia (SZ; two females, 37.5 ± 10.4 years) and 17 healthy subjects (CO; four females, 37.7 ± 13.1 years), who were matched according to age and gender, were enrolled.
The diagnosis of paranoid schizophrenia was established when patients fulfilled DSM-IV criteria (Diagnostic and Statistical Manual of Mental Disorders, fourth edition). Psychotic symptoms were quantified using the positive and negative syndrome scale. Patients had been treated with depot antipsychotic medication (77% being atypical neuroleptics and 23% being a mixture of antidepressant and atypical neuroleptics). Thoroughly performed interview and clinical investigations were performed for CO to exclude any potential psychiatric or other diseases, as well as to double-check for any interfering medication. The structured clinical interview and a personality inventory (Freiburger Persönlichkeitsinventar) were also applied to CO to detect personality traits and any disorders that might influence autonomic function. Furthermore, all subjects were asked to relax and to breathe normally to avoid hyperventilation. No further breathing instructions were given. Subjects were explicitly asked not to talk during the recording. All participants (SZ and CO) provided their written informed consent to a protocol . RR(i) represents the beat-to-beat intervals; SYS(i) represents the maximum systolic blood pressure amplitude values over time in relation to the previous R-peak; EEG(i) and EEG δ (i) specified to time intervals of the EEG raw data (electrode: F4); and the EEG delta band time intervals (electrode: F4) in relation to RR(i).
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approved by the local ethics committee of the Jena University Hospital. This study complies with the Declaration of Helsinki.
(b) Data recordings and pre-processing
From all schizophrenic patients and healthy subjects, a three-channel short-term electrocardiogram (500 Hz), non-invasive continuous blood pressure (200 Hz) and a 64-channel EEG were recorded for 15 min under resting conditions. Participants remained seated and their eyes were closed during this recording. The EEG was acquired using 64 active Ag/AgCl electrodes, and transmitted using a BrainAmp Amplifier (Brain Products, Germany, sampling rate 500 Hz, AFZ: ground, FCZ: reference). The electrodes were positioned according to the extended 10-20 system using an electrode cap. The impedance levels (less than 25 kΩ) for all electrodes were checked following attachment of the electrode cap to each participant's scalp. The arterial blood pressure was recorded using the volume-clamp photoplethysmographical blood pressure device Portapres model-2 (TNO Biomedical Instrumentation, The Netherlands). Investigations were performed between 14.00 and 18.00 in a quiet room that was kept comfortably warm (22) (23) (24) • C) and began after subjects had rested in a supine position for 10 min. Subjects were asked to close their eyes, relax and breathe normally to avoid hyperventilation.
The following time series with respect to autonomous regulation was automatically extracted from the raw data records (figure 1) using in-house software (programming environment DELPHI v. 3 and Matlab R2011b):
-time series of heart rate (lead I) consisting of successive beat-to-beat intervals (BBI, tachogram, (ms)), -time series consisting of the maximum successive systolic blood pressure amplitude values over time in relation to the previous R-peak (the given RR-interval) (SYS, systogram, (mmHg)) (figure 2), and -time series consisting of the maximum successive diastolic blood pressure amplitude values over time in relation to the previous R-peak (the given RR-interval) (DIA, diastogram, (mmHg)). Examples of extracted time series. Time series from top to bottom are: tachograms (BBI); systograms (SYS); the mean power P EEG (i) of the BBI-related EEG intervals EEG(i); and the mean power P EEGδ (i) of the BBI-related EEG-delta band intervals EEG δ (i) from a control subject (a), and a patient with paranoid schizophrenia (b). Note the typical lower variability in BBI sequences and the lower mean power P EEG and P EEGδ in the patient suffering from paranoid schizophrenia. The plot scaling of the P EEGδ (i) time series was different to guarantee for a higher degree of visual clarity.
EEG recordings were band-pass filtered (0.05-60 Hz, Butterworth filter, order = 3) in order to remove slow drifts resulting from slow body movements or sweating, and to prevent higherfrequency content from additional components. For EEG analyses, artefact-free time series were used, being determined by visual inspection and via automatic classification using the Brain Products software ANALYZER v. 2.0. Based on the EEG raw data recordings, new time series consisting of the EEG spectral band components as delta (0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), alpha1 (7.5-9.5 Hz), alpha2 (9.5-12.5 Hz), beta (12.5-25 Hz), beta1 (12.5-17.5 Hz), beta2 (17.5-25 Hz) and gamma (greater than 25-60 Hz) activity were derived (Butterworth filter, order = 3) for each electrode (figure 1). These recordings (EEG raw data and the nine associated EEG spectral bands) were used for further analyses. For example, for the EEG channel Fp1, we obtained the 10 time series EEG Fp1 , EEG Fp1δ , EEG Fp1θ , EEG Fp1α , EEG Fp1α1 , EEG Fp1α2 , EEG Fp1β , EEG Fp1β1 , EEG Fp1β2 and P Fp1γ . In relation to the extracted RR-intervals (figure 1) from the EEG raw data and the EEG spectral band recordings, the corresponding time intervals were extracted as EEG(i) (ms) and EEG band (i) (ms) (figure 1). Within each RR-interval RR(i), with i (i = 1: R − 1) as the successive number of R-peaks (R), the mean power P EEG (i) of EEG(i) and the mean power P EEGband (i) of EEG band (i) were calculated to obtain new time series for signal analyses (figure 2):
where T represents the number of samples within RR(i) or EEG(i), respectively, t(i) represents the current point in time of RR(i) and fs represents the sampling frequency. New types of time series were thus derived as P EEG , P EEGδ , P EEGθ , P EEGα , P EEGα1 , P EEGα2 , P EEGβ , P EEGβ1 , P EEGβ2 and P EEGγ (μV 2 ). All extracted time series (autonomous, central) were filtered by applying an adaptive variance estimation algorithm [30] to remove and interpolate seldom occurring ventricular premature beats and artefacts (e.g. movement, electrode noise and extraordinary peaks) to obtain normal-to-normal beat time series (NN). To obtain synchronized time series, BBI, SYS, P EEG and P EEGband were resampled using a linear interpolation method (2 Hz). For all EEG analyses and CAC analyses, three brain regions with the corresponding EEG channels were analysed, namely -the frontal area (Fp1, Fp2, AF3, AF4, AF7, AF8, Fz, F1, F2, F3, F4, F5, F6, F7, F8, FC1, FC2,  FC3, FC4, FC5, FC6, FT7, FT8, FT9, -the left frontal area (Fp1, AF3, AF7, F1, F3, F5, F7, FC1, FC3, FC5, FT7, FT9) , and -the right frontal area (Fp2, AF4, AF8, F2, F4, F6, F8, FC2, FC4, FC6, FT8, FT10) .
For the conducting of CAC analyses, the autonomic time series (BBI and SYS) from each subject were coupled/combined with all possible EEG channels, and subsequently averaged. For example, when coupling heart rate (BBI) with the raw EEG (right frontal area), we obtained 12 different coupling combinations of BBI-P EEG(Fp2) , BBI-P EEG(AF4) , BBI-P EEG(AF8) , BBI-P EEG(F2) , . . . , BBI-P EEG(FT10) . These 12 combinations were analysed using different coupling approaches (see NSTPDC, HRJSD). Furthermore, for each combination, the methods-related indices were derived and averaged for each subject.
(c) Standard indices taken from electroencephalogram in the frequency domain
For the quantification of the EEG, the power within the delta (P δ : 0.5-3.5 Hz), theta (P θ : 3.5-7.5 Hz), alpha (P α : 7.5-12.5 Hz), alpha1 (P α1 : 7.5-9.5 Hz), alpha2 (P α2 : 9.5-12.5 Hz), beta (P β : 12.5-25 Hz), beta1 (P β1 : 12.5-17.5 Hz), beta2 (P β2 : 17.5-25 Hz) and gamma (P γ : 25-60 Hz) bands and the whole power P within the entire frequency band (0.5-60 Hz) were calculated from the EEG raw data recordings applying the Welch method [31] to estimate the power spectral density function (window length = 5 s, overlap = 50%).
(d) Standard indices from heart rate variability, blood pressure variability and baroreflex sensitivity HRV and blood pressure variability (BPV) were quantified by calculating standard parameters from the time domain [32, 33] as -the mean value of the NN intervals (meanNN) of BBI (ms), systolic (_sys) and diastolic (_dia) blood pressure (mmHg) values and -the standard deviation (sdNN) of the NN intervals of BBI (ms), systolic (_sys) and diastolic (_dia) blood pressure (mmHg) values.
In this study, we used the dual sequence method [34] to estimate the spontaneous baroreflex sensitivity (BRS) which is based on the sequence technique. To this end, both a minimum change of a 1 mmHg increase/decrease in SYS, and 5 ms in BBI were defined as inclusion criteria for a spontaneous baroreflex-related cardiovascular oscillation. The slopes of the regression lines between SYS and BBI sequences were taken as an index for local BRS (ms mmHg −1 ). We analysed two kinds of BBI responses: (i) bradycardic (an increase in SYS being associated with an increase in BBI) and (ii) tachycardic fluctuations (a decrease in SYS being associated with a decrease in BBI). As a result, two indices were derived:
-the slope of the regression line between all bradycardic (bslope) baroreflex fluctuations (ms mmHg −1 ) and -the slope of the regression line between all tachycardic (tslope) baroreflex fluctuations (ms mmHg −1 ).
(e) Central-autonomic coupling: high-resolution joint symbolic dynamics
The tool of HRJSD was originally introduced [35, 36] to quantify the effects of antipsychotics and their anticholinergic effects on nonlinear cardiovascular couplings in acute schizophrenia via the use of symbols. The idea of HRJSD is to classify frequent deterministic patterns lasting three beats (represented by symbols). The HRJSD approach enables the classification and characterization of short-term regulatory bivariate coupling patterns that are dominating the interaction generated by the ANS. In this study, we applied HRJSD as a promising tool to analyse CAC. HRJSD was applied to determine short-term bivariate coupling patterns between EEG and ANS-related (heart rate, systolic blood pressure) time series. HRJSD based on symbolization permits a coarse-grain quantitative assessment of short-term dynamics of time series/biosignals. Therefore, the direct analysis of successive signal amplitudes is based on discrete states (represented by symbols). In short, HRJSD works by transforming the two investigated time series (BBI and or SYS and P EEG ) into symbol sequences based on their signal amplitudes using a given alphabet A = {0, 1, 2}. The bivariate sample vector X of the two time series (e.g. BBI and P EEG ) with x BBI and x P EEG is transformed into a bivariate symbol vector S, where n are the nth beat-to-beat values of BBI and P EEG , respectively.
x ∈ R (R is the subset of real positive numbers) (2.2) and
The bivariate symbol vector S is defined using the following definitions:
and
Increasing values were coded as '2', decreasing values were coded as '0' and unchanging (with no or little variability) values were coded as '1'. Afterwards, S was subdivided into short words (sequences of symbols) w k of length k = 3. In this study, an adapted threshold l to the individual physiological dynamic variability l BBI and l SYS and l P EEG equal to 25% of the s.d. of the BBI and P EEG time series was applied. The derived different word types from the BBI (w BBI ) and P EEG (w P EEG ) time series (word types ranging from: 000, 001, . . . , 221, 222) were sorted into a normalized 27 × 27 vector matrix W n ranging from word type (000,000) T to (222,222) T . These single-word types w BBI , w P EEG (where the total number of all word type combinations is 27 × 27 = 729) were subsequently grouped into eight pattern families wf, whereby the sum of probabilities of all single-word family occurrences p(wf ) was normalized to 1. The eight pattern families (E0, E1, E2, LU1, LD1, LA1, P, V) describe different aspects of autonomic modulation (strong and weak increase or decrease, no variability or alternations) of the BBI and P EEG time series. These families were then sorted into an 8 × 8 pattern family density matrix Wf, resulting in 64 CAC patterns. These pattern families were defined as follows ( figure 3 ):
-E0, E1 and E2: words consisting of three equal symbols (no variation of symbols) of type '0', '1' and '2', respectively. -LU1 and LD1: words consisting of two different symbols with low increasing behaviour (LU1) and low decreasing behaviour (LD1). Figure 3 . Definition of eight HRJSD pattern families (BBI, beat-to-beat intervals; HR, heart rate; SYS, systolic blood pressure; P EEG , mean power of BBI-related EEG intervals).
-P and V: words consisting of three different symbols with peak-like behaviour (P) and with valley-like behaviour (V).
Using the word distribution density matrix Wf, the normalized joint probability of each word occurrence was calculated and analysed. Furthermore, from the matrix Wf, the sum of each (n = 8) column cf P EEG (cf E0, cf E1, cf E2, cf LU1, cf LD1, cf LA1, cf P, cf V) and the sum of each (n = 8) row rf BBI (rf E0, rf E1, rf E2, rf LU1, rf LD1, rf LA1, rf P, rf V) were calculated. This corresponds to the univariate analysis of the symbolic dynamics of the first and second signals used for the HRJSD matrix construction. To quantify the complexity of the CAC, the Shannon entropy (HRJSD Shannon ) within Wf was estimated using the following equation:
In this study, the causal CAC between BBI and SYS with P EEG were investigated with respect to a bivariate dynamic system.
(f) Central-autonomic coupling: normalized short-time partial-directed coherence
To quantify the causal coupling direction and strength between the central and autonomic time series, the NSTPDC [37, 38] approach was applied, based on an m-dimensional MAR process with model order p to determine Granger causality in the frequency domain. To this end, the NSTPDC is based on the time-variant partial-directed coherence approach (tvPDC, π xy ( f , n)), providing information about the partial correlative short-time interaction properties of nonstationary signals, with f as the frequency and n the number of windows [39] . To quantify the coupling direction between two time series x and y (e. by the mean value of π y P EEG x BBI ( f , n):
These results were normalized to become a specific set of values leading to the normalized factor (NF). max (ā,b) 
NF allows for the determination of the direction of the causal connections between the investigated time series (x BBI and y P EEG ) as a function of frequency f . NF takes the following values: NF = {−2, −1, 0, 1, 2}. Strong unidirectional coupling is indicated if NF is −2 or 2 (where −2 denotes y P EEG as the driver), bidirectional coupling if NF = −1 or 1 (−1 denotes y P EEG as the driver) and an equal influence in both directions and/or no coupling if NF = 0. For determining the coupling strength between two time series x BBI and y P EEG the areas (A BBI→P EEG , A P EEG →BBI (arb. units)) generated in space by CF were estimated for each window using a trapezoidal numerical integration function for approximation. A BBI→P EEG and A P EEG →BBI range between 0 and 1 [0, 1]. Hereby, 1 indicates that all causal influences originating from one time series x are directed towards (arrows: →) the second one y (A x→y = 1).
In this study, NSTPDC indices were calculated by applying a window (Hamming) of lengths l, where l = 80 samples, and shifting the window by 20 samples per each iteration step (60 samples overlap between each window).
In order to take advantage of the aspect of stationarity and scale-invariance for NSTPDC analyses, a normalization (zero mean and unit variance) of the time series BBI, SYS and P EEG /P EEGband was performed [37] . Therefore, each sample i of the BBI and P EEG time series x = {x i , i = 1, . . . N} and y = {y i , i = 1, . . . N} with N as the maximal number of samples i (temporal index) was first normalized by subtracting the mean ofx and then dividing by the s.d. of x or y, respectively. The normalized time series x norm and y norm with zero mean and unit variance were thus obtained:
In this study, the causal CAC between BBI, SYS and P EEG , as well as BBI, SYS and P EEGband were investigated with respect to a multivariate dynamic system.
(g) Statistics
The non-parametric exact two-tailed Mann-Whitney U-test (SPSS 21.0) was performed to evaluate differences in central and autonomic standard indices, as well as differences in CAC Table 1 . Univariate statistical analysis results of EEG standard indices in the frequency domain. These discriminate between patients suffering from paranoid schizophrenia (SZ) and healthy subjects (CO).
all frontal left frontal right frontal indices between SZ and CO persons. The significance level was set to p < 0.01 (BonferroniHolm adjustment: p < 0.00045, n = 100 indices). In order to facilitate comparisons with other findings within the field where published papers dealt almost exclusively with mean values, it was decided that this paper would present all results as mean values and s.d. All indices in the tables (results section) were also presented in medians and interquartile ranges (see also electronic supplementary material).
Results (a) Standard electroencephalogram-related indices
Considering EEG-related standard frequency domain spectral component indices, we found that when comparing SZ with CO persons in terms of the frontal area, the left frontal area and the right frontal area, highly significant (p < 0.00045) differences between both groups were apparent (table 1) . Thereby, a significant decrease in the mean power of all spectral bands (delta P δ to gamma P γ ) and in the whole power P was obviously present for SZ in comparison with CO. In both groups, a lower power was shown in the left frontal area when compared with the right frontal area.
(b) Standard indices from heart rate variability, blood pressure variability and baroreflex sensitivity HRV analysis revealed highly significant differences in meanNN (p < 0.00045) and rmssd (p < 0.01) between both groups (table 2) . Thereby, SZ patients were characterized by having reduced mean basic beat-to-beat intervals (meanNN) and HRV (sdNN, rmssd) in comparison with CO subjects. Analyses of basic systolic and diastolic blood pressure indices (BPV_sys, BPV_dia) revealed, however, no significant differences between SZ and CO (table 2) . BRS measures bslope and tslope revealed significant differences (p < 0.01) between SZ and CO, namely a significant decrease in the BRS measures bslope and tslope was shown ( Table 2 . Univariate statistical analysis results of heart rate and systolic/ diastolic blood pressure variability (HRV, BPV_sys, BPV_dia) in the time domain; and baroreflex sensitivity (BRS) analysis which discriminates between paranoid schizophrenia patients (SZ) and healthy subjects (CO). (c) Central-autonomic coupling: high-resolution joint symbolic dynamics (i) Central-cardiac coupling results (BBI/P EEG )
HRJSD analyses revealed highly significant (p < 0.00045) differences between SZ and CO in all eight CAC pattern families (P EEG /BBI, 8 × 8 = 64) for the entire frontal area, the left frontal area and the right frontal area (table 3) . The patterns were characterized by decreased absolute values in SZ if the central pattern family P EEG -E0, P EEG -E1, P EEG -E2, P EEG -LU1, P EEG -LD1, P EEG -LA1, P EEG -P and P EEG -V was coupled with BBI-E0, BBI-E1, BBI-E2, BBI-LU1 and BBI-LD1. SZ values significantly increased if the central pattern family was coupled with BBI-LA1, BBI-P and BBI-V. Thereby, the central family patterns P EEG -E0 and P EEG -E2 significantly decreased, and P EEG -LA1 significantly increased in SZ, when compared with CO. The cardiac family patterns BBI-E0 and BBI-E2 highly significantly decreased, and BBI-LA1, BBI-P and BBI-V highly significantly increased in SZ, when compared with CO (table 4) . The index HRJSD Shannon did not reveal any significant differences between SZ and CO, regardless of the investigated frontal area (see also electronic supplementary material, table S1).
(ii) Central-vascular coupling results (SYS/P EEG )
In contrast to the central-cardiac results, a higher number of significantly different centralvascular coupling pattern families (P EEG /SYS, 8 × 8 = 64) for the entire frontal area, left frontal area and right frontal area were found (table 3) . In SZ patients, the absolute values of centralvascular coupling pattern families significantly decreased if the central pattern family P EEG -E0, P EEG -E1, P EEG -E2, P EEG -LU1, P EEG -LD1, P EEG -LA1, P EEG -P and P EEG -V were coupled with SYS-E1. They significantly increased if the central pattern family P EEG -E0, P EEG -E1, P EEG -E2, P EEG -LU1, P EEG -LD1, P EEG -LA1, P EEG -P and P EEG -V were coupled with SYS-E0, SYS-E2, SYS-LU1, SYS-LD1, SYS-LA1, SYS-P and SYS-V ( Table 3 . Number (N) of significant (p < 0.01) HRJSD central-autonomic coupling indices p(N) used to discriminate between patients suffering from paranoid schizophrenia (SZ) and healthy subjects (CO) pertaining to the frontal area, the left frontal area and the right frontal area. BBI/P EEG indicates the coupling between beat-to-beat intervals (BBI) and the mean power in BBIrelated EEG intervals (P EEG ). SYS/P EEG indicates the coupling between the maximum systolic blood pressure amplitude values over time (SYS) and the mean power in the BBI-related EEG intervals (P EEG )(e.g. P EEG -E0/BBI describes the coupling of the pattern family E0 from P EEG with all other 8 BBI coupling pattern families ( figure 3) ).
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, SYS-LA1, SYS-P and SYS-V highly significantly (p < 0.00045) increased in SZ when compared with CO (table 4) . HRJSD Shannon values significantly increased in SZ patients when compared with CO for the entire frontal area (CO: 2.7 ± 0.9, SZ: 3.0 ± 1.2, p < 0.00045), the left frontal area (CO: 2.7 ± 0.9, SZ: 3.0 ± 1.2, p < 0.00045) and the right frontal area (CO: 2.6 ± 0.9, SZ: 3.0 ± 1.2, p < 0.01) (see also the electronic supplementary material, table S1). NSTPDC results revealed a significant NF between SZ (NF: −0.48 ± 0.81) and CO (NF: −0.66 ± 0.52). With regard to SZ, the mean NF was nearly −0.5, indicating a reduced bidirectional coupling from SYS → BBI, the driver being SYS and BBI the target variable. Additionally, A SYS→BBI as marker for the coupling strength was highly significantly different between SZ (0.39 ± 0.16) and CO (0.43 ± 0.14) (p < 0.00045). In this case, SYS influenced BBI (baroreflex loop) to the extent that a decrease in coupling strength was found. This indicates a weaker causal influence of SYS on BBI (table 5) .
(ii) Central-cardiac coupling results (BBI/P EEG )
When considering the coupling of BBI with P EEG , only the NF revealed a significant (p < 0.01) difference between SZ and CO in the entire frontal area. Thereby, mean NF was nearly −0.8, pointing to bidirectional coupling from P EEG → BBI, with the driver being P EEG , and BBI the target variable (table 5) .
(iii) Central-vascular coupling results (SYS/P EEG )
When coupling the vascular system (SYS) with the central activity (P EEG ), it becomes apparent that the NF was highly significantly (p < 0.00045) different between SZ and CO for the entire frontal area, the left frontal area and the right frontal area. Here, CO showed mean NF values of nearly 0, indicating an equal coupling influence in both directions. On the contrary, SZ showed mean NF values of −0.6 to −0. Table 4 . Univariate statistical analysis results showing of the probability of the occurrence of univariate HRJSD pattern families for BBI, SYS and P EEG (figure 3) in % to discriminate between patients suffering from paranoid schizophrenia (SZ) and healthy subjects (CO) for the frontal area, the left frontal area and the right frontal area. 
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15.9 ± 9.5 * * 25.3 ± 11.9 15.9 ± 9.5 * * 25.3 ± 11.9 15.9 ± 9.5 * * driver P EEG ). These results were supported by A SYS→P EEG and A P EEG →SYS for CO, revealing nearly the same values for both directions. Both indices A SYS→P EEG and A P EEG →SYS were highly significantly (p < 0.00045) different between SZ and CO for the whole frontal area, the left frontal area and the right frontal area. When SYS influences P EEG (SYS → P EEG ), the coupling strength was significantly reduced in SZ in comparison with CO. However, when P EEG influences SYS (P EEG → SYS), the coupling strength was significantly increased in SZ when compared with CO (table 5 and figure 4 ).
(iv) Central-cardiac coupling results (BBI/P EEGband )
For all spectral bands, NSTPDC results revealed significantly (p < 0.00045) decreased coupling strengths from the EEG spectral power bands towards BBI (A P EEGband →BBI ) for the whole frontal area, the left frontal area and the right frontal area in SZ when compared with CO. Thereby, in P EEGγ , the strongest influence of central γ activity towards BBI was found for both SZ and CO. With regard to the coupling direction of BBI towards P EEGband , we found in the coupling strengths for the whole frontal area only in P EEGβ , P EEGβ1 , P EEGδ and P EEGθ significant increases in A BBI→P EEGband for SZ in comparison with CO. Regarding the left frontal area, only in P EEGβ1 and P EEGθ were significant increases in the coupling strengths (A BBI→P EEGband ) found for SZ, when compared with CO. Regarding the right frontal area, in P EEGα1 , P EEGβ1 , P EEGδ and P EEGθ significant increases in the coupling strengths (A BBI→P EEGband ) could be shown for SZ ( figure 5 ). Considering the NF values for all couplings between BBI and P EEGband , SZ revealed generally increased NF values in comparison with CO. For the entire frontal area, left frontal area and right frontal area, the coupling directions were bidirectional, with BBI acting as the driver (electronic supplementary material, table S3). Only for P EEGδ and P EEGγ was equal influence present in both directions (see also electronic supplementary material, table S2). 5 . Visualization of significant differences between patients suffering from paranoid schizophrenia (SZ) and healthy subjects (CO) with respect to the coupling strength (NSTPDC) between autonomic activity (BBI, SYS) and central spectral activity (P EEGband ) for (a) the whole frontal area, (b) the left frontal area and (c) the right frontal area. Arrows indicate the coupling direction, where black solid lines indicate the direction from central spectral activity towards autonomic target variables. Grey dashed lines indicate the direction from the autonomic variables towards central spectral activity. Note that all arrows were highly significantly (p < 0.00045) different between SZ and CO; otherwise, the arrows were indicated by * (p < 0.01). BBI, beatto-beat intervals; SYS, maximum systolic blood pressure amplitude values over time; P EEGband , the mean power in BBI-related EEG spectral band intervals.
(v) Central-vascular coupling results (SYS/P EEGband )
For the coupling of SYS with spectral power bands, we found for the direction of EEG spectral power bands towards SYS (A P EEGband →SYS ) an opposite behaviour, as shown by P EEGband → BBI (where significant coupling strengths were found here for all bands and all frontal areas; electronic supplementary material, table S3). Regarding the entire frontal area (P EEGα , P EEGα2 ) and the left frontal area (P EEGα , P EEGα1 , P EEGα2 ) significant increases in A P EEGband →SYS for SZ in comparison with CO were found. Again, in P EEGγ , the strongest influence of central γ activity towards SYS could be found for both SZ and CO. In the opposite direction, namely from SYS towards P EEGband , we found for the frontal area in all spectral bands (P EEGband ) highly significant decreased coupling strengths in SZ when compared with CO. For the left frontal area besides P EEGγ and P EEGθ and for the right frontal area besides P EEGδ , P EEGγ and P EEGθ for all other bands showed significantly different coupling strengths between SZ and CO.
With respect to NF, there was generally a bidirectionality found for EEG spectral power bands (P EEGδ , P EEGθ , P EEGβ , P EEGβ1 , P EEGβ2 ), with SYS acting as the driver. Furthermore, there was a unidirectional coupling for P EEGα , P EEGα1 and P EEGα2 and an equal influence in both directions for P EEGγ for the entire frontal area, as well as for the left and right frontal areas. In the α bands and β2 band, NF was decreased in SZ when compared with CO (see also electronic supplementary material, table S2).
Discussion
Our study has revealed highly significantly increased heart rates, reduced HRV, decreased BRS, a reduced EEG activity (power) independent from frequency range and frontal area or left hemisphere area, as well as altered CAC in patients with schizophrenia, when compared with healthy subjects. In particular, CAC revealed that the influence of central activity towards SYS was more strongly pronounced than that towards BBI in SZ patients, when compared with CO subjects. In addition, CAC patterns in SZ were mainly characterized by a larger amount of increased short-term alternating and strongly decreasing central patterns (P EEG -LA1, P EEG -E0), as well as more widely distributed alternating and fluctuating heart rate patterns (LA1, P, V). SZ patients' CAC patterns were also characterized by a larger amount of increased shortterm strong/weak increasing/decreasing, alternating and fluctuating SYS pattern families (E0, E2, LU1, LD1, LA1, P, V), as well as invariable SYS (E1), in comparison with CO subjects. (a) Heart rate and blood pressure variability Our findings in relation to HRV are in accordance with other studies that have revealed an altered autonomic tone in treated schizophrenic patients. Psychiatrists attributed the increased heart rates (meanNN↓) of schizophrenia patients to their antipsychotic treatment. This assumption is only somewhat correct, because treatment with clozapine, for instance, is associated with a reduced vagal function and increased heart rates [40] . It was shown that clozapine, quetiapine and amisulpride revealed stronger anticholinergic side effects of cholinergic or adrenergic receptors on ANS modulation than olanzapine [41] . In addition, Agelink et al. [42] investigated the effects of atypical antipsychotics on autonomic neurocardiac function, showing that only amisulpride did not significantly alter HRV owing to its lack of activity at cholinergic or adrenergic receptors. Bär et al. [43] found a reduction in the complexity of heart rate regulation after olanzapine treatment, measured by compression entropy. Thus, the authors suggested a decreased cardiac vagal function that could increase the risk for cardiac mortality. Although we found some indication of increased sympathetic modulation, their results seemed to be restricted to heart rate regulation and not to blood pressure [44] . Thus, a cardiac dysfunction in SZ does not reflect a simple stress-induced arousal, but rather chronic and distinct changes of heart rate and respiratory regulation [37] .
(b) Baroreflex sensitivity
When considering BRS, we found significantly reduced tachycardic (tslope) and bradycardic (bslope) slopes in accordance with other studies investigating unmedicated patients [35, 45] . The decrease of efferent vagal activity and the inhibition of baroreflex vagal bradycardia in SZ might be caused by stress owing to psychotic experiences or to the psychosis itself, a process that allows the organism under physiological conditions to adjust to demanding environmental stress [40] .
(c) Frontal electroencephalogram analysis results
The results of central activity (via EEG frequency analyses) showed a highly significantly reduced EEG activation (power) in all frequency bands from the frontal lobe, being much more pronounced in the right frontal hemisphere when compared with CO. Recently, MacCrimmon et al. [46] investigated the effects of the atypical antipsychotic clozapine among 64 SZ patients. They found that clozapine augments power globally in the δ and θ bands, but this effect was more pronounced over frontal areas. The authors could demonstrate a significant clozapine-induced α topographic shift frontally and to the right. They suggested further investigations of subcortical structures in an attempt to better understand the diverse aetiologies and optimal treatments of the schizophrenias. Small et al. [47] investigated chronic treatment-resistant patients in relation to placebo, haloperidol, chlorpromazine and clozapine treatment. They found increased frontal δ activity particularly with clozapine and chlorpromazine treatment. Nagase et al. [48] investigated 12 medicated SZ patients, finding that α2 power and slow-wave power were reduced when compared with the neuroleptic-naive state. They concluded that the reduction in α power may occur from the early stage of the disease and progress even further, even though the patients are medicated and clinically improved. Kemali et al. [49] found that after acute treatment, patients showed a significant decrease of δ and an increase of θ2, β1 and β2. After 28 days of haloperidol treatment, similar changes were observed for δ, together with an increase of α1, and a decrease of fast β. Light et al. [50] found that schizophrenia patients have frequency-specific deficits in the generation and maintenance of coherent γ -range oscillations, reflecting a fundamental degradation of the basic integrated neural network activity. In general, γ responses in schizophrenic patients are not necessarily weakened. Depending on the status of the schizophrenic behaviour (negative or positive symptoms) and depending on the difficulty of the applied paradigm, an increase of γ activity may also be observed. Thus, the oscillatory dynamics in schizophrenia also depict the unstable behaviour of electrophysiology in this disease [51] . Patients who were treated with clozapine and olanzapine revealed most prominent changes in the anterior cingulate and medial frontal cortex and a decrease in fast frequency activities in the occipital cortex. These results suggest a compensatory mechanism in the neurobiological substrate for schizophrenia [52] . Unfortunately, at the moment, comparative studies between medicated and unmedicated patients are not available in the literature. This makes it difficult to assess the effectiveness of medication and the effect of central activity in schizophrenia patients. It was shown in many studies on medicated and non-medicated patients that the γ response is lower in SZ patients when compared with healthy subjects [51, 53] . Nevertheless, it is strongly justified, based on available literature, to conclude that the δ excess (and to a lesser extent the θ excess) is a strong and bona fide biological marker for schizophrenia, as well as the fact that changes in EEG patterns are not medication-induced [54] .
(d) Cardiovascular coupling
Cardiovascular coupling results based on NSTPDC analysis revealed a reduced bidirectional coupling and a reduced coupling strength from SYS → BBI in SZ, supporting the decreased BRS results. Due to the fact that SYS were not significantly changed in SZ, independent of medication usage when compared with CO, it can be assumed that the primary BRS changes in SZ were a result of impaired heart rate regulation. It was shown that during stressful conditions such as mental stress (supposedly present in SZ), the arterial baroreflex was generally inhibited. From the point of view that central mechanisms are involved in BRS regulation, central sites proven to elicit the facilitation are the medial prefrontal cortex, the preoptic/anterior hypothalamus, the ventrolateral part of the periaqueductal grey matter and the nucleus raphe magnus [55] .
(e) Central-vascular coupling
Central-vascular coupling analyses demonstrated that the coupling strength was highly significantly reduced in SZ for the direction SYS towards central activity (A SYS→P EEG ). For the opposite direction from central activity towards SYS, the coupling strength (A P EEG →SYS ) was highly significantly increased in SZ when compared with CO. Central-vascular coupling in SZ pointed to a bidirectional one with the central driver (P EEG → SYS), whereas the direction for CO was equal in both directions (P EEG ↔ SYS). This suggests that the closed-loop regulation process of central-vascular regulation in SZ is more strongly focused on maintaining/regulating the blood pressure than this regulation process for CO. In the case of SZ, the central part of this closed loop seems to more strongly influence the autonomic system (SYS). This closed loop in CO indicates a balanced condition (A P EEG →SYS corresponding to A SYS→P EEG , NF approx. 0).
Central-vascular coupling by HRJSD in SZ was dominated mainly by highly variable SYS patterns in combination with all other eight central pattern families. This was demonstrated by highly significantly decreased SYS-E1 and highly significantly increased SYS-E0, SYS-E2, SYS-LU1, SYS-LD1, SYS-LA1, SYS-P and SYS-V. It seems to be that the blood pressure regulation is more complex and mainly influences the central-vascular coupling pattern in SZ. Furthermore, it could be shown that central-vascular coupling is strongly affected by reduced BPV (SYS-E1) and short-term strong/weak, increasing/decreasing, alternating and fluctuating vascular family patterns (SYS-E0, SYS-E2, SYS-LU1, SYS-LD1, SYS-LA1, SYS-P, SYS-V), in combination with central activity. We could also found that the complexity of the central-vascular coupling is significantly increased in SZ when compared with CO. is much stronger towards the autonomic system than in the opposite direction. However, the results indicated that, for SZ, this closed-loop interaction does not work well owing to the known significant heart rate changes for those patients [37, 56] . It is presumed that lesions within the CNS may result in profound alterations in cardiac regulation and may even result in potentially fatal cardiac arrhythmias or sudden cardiac death (owing to cardiovascular dysfunctions) [57] . The possibility that greater levels of cerebral dysfunction are associated with an increasing severity of cardiovascular dysfunction [57] were determined by the overall changes in heart rate and blood pressure in SZ patients, thus posing an increased risk of sudden cardiac death for these patients. It has been assumed that an abnormal interplay between frontocingulate and subcortical brain areas can lead to abnormal autonomic arousal, being expressed as a functional disconnection in autonomic and central systems when patients with paranoid schizophrenia process threat-related signals [9] . Thus, the supposition is that paranoid cognition may reflect an internally generated cycle of misattribution regarding incoming fear signals owing to a breakdown in the regulation of these systems resulting in an altered brain-heart interaction, influenced by a lack of cortical inhibitory control over sympathoexcitatory subcortical regions [9] . Thayer et al. showed that resting HRV is tied to the functioning of frontal-subcortical circuits, in the way that a higher resting HRV is associated with the effective functioning of frontaltop-down control over subcortical brain regions that support flexible and adaptive responses to environmental demands [12] . It is worth noting that the disruption of frontal-subcortical circuits has been associated with a wide range of psychopathologies, including SZ [15] . HRJSD results demonstrated that central-cardiac coupling in SZ was mainly characterized by a larger amount of decreased short-term strong/weak, increasing/decreasing central pattern families (P EEG -E0, P EEG -E1, P EEG -E2, P EEG -LU1, P EEG -LD1) and an increased alternating and fluctuating of central pattern families (P EEG -LA1, P EEG -P and P EEG -V). This means that central activity is much more variable and more random, with weaker rhythmic oscillatory components. Moreover, fast alterations of increased and subsequently decreased (BBI-P), fast alterations of decreased and subsequently increased (BBI-V) and alternating (BBI-LA1) of heart rate patterns were increased for SZ compared with CO, indicating a more random central-cardiac coupling with weaker rhythmic components of cardiac cycle intervals in relation to central activity in SZ. Schulz et al. [35] could also demonstrate that autonomic regulation in medicated SZ patients seems to be partly dominated by an increasing amount of invariable heart rate patterns (BBI-E1, BBI-LA1, BBI-V), in combination with alternating SYS (SYS-E2, SYS-LU1, SYS-P). These results suggest an impairment of the baroreflex control feedback loop. They assumed that these effects are probably related to the anticholinergic effects of the antipsychotic treatment. Being a unique feature of the HRJSD approach in contrast to other coupling approaches, we could clearly identify different altered central-autonomic physiological regulatory patterns generated by the interplay of the CNS and the ANS in patients with schizophrenia. One of our results to be highlighted is the finding that, in schizophrenic patients, the central activity had a much stronger variability and higher degree of randomness with less rhythmic oscillatory components than the central activity in healthy controls. From the aspect of biomedical signal processing based on symbolic analysis, the HRJSD approach, based on a redundancy reduction strategy and grouping of single-word types into eight pattern families, enables a detailed description and quantification of bivariate couplings. As a further unique feature in contrast to the classical JSD approach and other coupling approaches [58, 59] , HRJSD emphasizes a clear characterization of how the couplings are composed, with regard to the different regulatory aspects of the CNS and ANS. To summarize, the applied HRJSD approach creates a bridge between univariate and bivariate symbolic analyses, allowing the quantification and classification of deterministic regulatory bivariate coupling patterns depending on the experimental conditions at hand [35] .
(g) Central-autonomic coupling It was stated by Williams et al. [9] : 'that paranoid schizophrenia is characterized by a specific disjunction of arousal and amygdala-prefrontal circuits that leads to impaired processing of significant, particularly threat-related, signals. The pattern of excessive arousal but reduced amygdala activity in paranoid patients points to a dysregulation in the normal cycle of mutual feedback between amygdala function and somatic state (autonomic activity). The concomitant lack of 'with-arousal' medial prefrontal engagement suggests that this region cannot undertake its usual role in regulating amygdala-autonomic function, leading to a perseveration and exacerbation of arousal responses'. The precise mechanism of ANS dysregulation in SZ still remains unclear, complicated by the large number of cortical, subcortical and brainstem structures that coordinate autonomic function. However, it was suggested that reduced HRV may represent evidence of an inhibitory deficit that is mirrored by impaired cognitive and behavioural inhibition [60, 61] . Moreover, it was shown that the prefrontal cortex could play a critical role in ANS dysregulation and that SZ patients are characterized by a decrease in their prefrontal cortex activity and concomitant deficits in executive function and inhibition [60, 61] . Thayer & Lane [60] also proposed that ANS dysregulation is driven by the failure of the prefrontal cortex to inhibit the amygdala-mediating cardiovascular and autonomic responses to stress.
They further [14] emphasized the importance of the medial prefrontal cortex as the 'core integration' system owing to its assumed critical role in the representation of internally and externally generated information, as well as its integrative function to regulate behaviour and to adapt peripheral physiology. Furthermore, when integrating findings from research concerning the central and cardiovascular effects of increasing emotional intensity, the suggestion is posed that changes in functional central system activation and changes in heart rate and blood pressure are related. Especially noteworthy is the proof that the left and right central hemispheres are specialized for parasympathetic and sympathetic control of cardiovascular functioning [57]. Tanida et al. could show that mental arithmetic (MA) task induced larger activity in the right prefrontal cortex than that in the left prefrontal cortex in subjects with high heart rate increases, suggesting that the right prefrontal cortex activity during MA task has a greater role in the central regulation of heart rate owing to virtue of decreasing parasympathetic effects or increasing sympathetic effects [62] . The relationship between autonomic functioning and cognitive performance in patients with schizophrenia is still exclusive. Mathewson et al. [63] are the first to show associations between autonomic regulatory capacity and neuropsychological performance in patients with schizophrenia. In particular, susceptibility to perseveration in patients was associated with faster heart rates at rest and reduced vagal modulation. Moreover, the authors suggest that the executive function deficits in schizophrenia and autonomic deficiencies reported in this population should be investigated jointly. Unfortunately, neuronal effects of cardiac autonomic dysfunction have not yet been investigated in schizophrenia patients. However, the assumption exists/it has been assumed that an abnormal interplay between frontocingulate and subcortical brain areas can lead to abnormal autonomic arousal [9] .
Considering central-cardiac coupling and central-vascular coupling with respect to central spectral power bands, the strongest influence of cerebral γ activity towards BBI and SYS was found for both SZ (here reduced) and CO, independent of the brain hemisphere. This highlights the role of γ activity in SZ and was also demonstrated in multiple studies [51, 64] . It was shown that γ and β activity is most augmented in SZ over frontal and temporal brain regions, reflecting a genetic liability for schizophrenia [65] . It was suggested that impaired neural oscillation (e.g. a reduction in amplitude and altered phase synchronization in all frequency bands with emphasis on the β and γ band activity) in schizophrenia patients can be considered a marker for a functional disconnectivity between different brain areas and for dysfunctional cortical networks [66] . Moreover, studies also showed that the parasympathetic and sympathetic nervous systems are lateralized to the left and right central hemispheres, respectively. Furthermore, researchers have proposed that increasing levels of central activation within the left hemisphere are associated with increasing parasympathetic tone [57] . Thus, the differences in central activity in SZ between the two hemispheres would determine the overall changes in heart rate and blood pressure [57] . The central-cardiac and central-vascular coupling directions with respect to central spectral power bands were characterized as bidirectional with BBI and SYS acting as the driver in each frequency band. This may suggest that the autonomous system provides feedback information towards the different central oscillatory components (with the exception of γ ). All these components considered together as the whole central activity provide, in turn, feed-forward information to the ANS.
(h) Limitations and ideas for further research
A limitation of this study is that SZ patients received antipsychotic treatment. However, on the one hand, it is very difficult to recruit unmedicated patients for such investigations due to the fact that the patients are very instable in their psychotic states and are also less cooperative. While antipsychotic drugs provide a basic therapeutic tool for the treatment of schizophrenia and other psychotic conditions, their effectiveness is associated with a series of unresolved questions. It is not clear, for example, which of the neurobiological mechanisms (beyond D 2 receptor-blocking) is the final therapeutic target responsible for the beneficial effect on distorted information processing in schizophrenia, and for subsequent elimination or reduction of psychotic symptoms [52] . On the other hand, some studies exist [46, 48, 51, 52, 64] where the effect of various atypical antipsychotic drugs in schizophrenic patients via quantitative EEG analysis methods are compared. They revealed that in clozapine and olanzapine an increase in slow frequency bands were found, both in routinely treated patients and in healthy volunteers after a single dose and that risperidone produces fewer changes than clozapine and olanzapine [52] . In further research, we will also investigate the couplings of central activity and respiration as well as of electrodermal activity coupling since it was clearly hallmarked that these autonomic variables were significantly altered in SZ [36, 37, 67] . However, in this study, we did not find any significant differences in respiratoryrelated variables (electronic supplementary material, table S4). At the moment, we have focused our investigation on short-term instantaneous CAC in the frontal area. However, it is not clear if these CAC are changing over longer time (time-variant) and if they are possibly concentrated in specific frontal areas (clusters). Therefore, time-variant analyses and topographical EEG cluster analyses (some EEG electrodes were formed to a cluster) are necessary. Moreover, to solve these open questions, in addition, functional magnetic resonance imaging (fMRI) data analyses are necessary. However, the advantage of using the EEG technique instead of fMRI is that EEG has a very good temporal resolution. This allows a very good characterization of the centralautonomic network (CAN). The EEG covers many cortical regions of the CAN. In comparison, fMRI has a very good spatial resolution with a very slow response (shown by the BOLD signal). Thus, fMRI does not seem to be the best technique to characterize ANS alterations owing to its slow signal response (BOLD). Therefore, EEG seems to be the more adequate technique in order to establish an association/connection between central activity (cortical EEG) and autonomic function (cardiovascular). However, the EEG is unable to investigate anatomical connectivity owing to its poor spatial resolution.
Conclusion
This study is the starting point for an enhanced understanding of the complex brain-heart network between central activity and cardiovascular regulation in SZ patients. We are currently just beginning to understand the interrelationship between the autonomic system in psychotic states, the central networks and control mechanisms in SZ patients. Moreover, we hypothesize that an improvement in autonomic functioning could be achieved through physical fitness (sport intervention), for example, which, in turn, would lead to an improvement in these patients' clinical symptoms. Additional studies are nevertheless needed. To conclude, the scientific impact of this study marks a further step towards a more comprehensive understanding of the interplay of neuronal and autonomic regulatory processes in schizophrenia patients. At the same time, greater insight has now been provided regarding the complex relationship between psychotic stages and (cardiac) autonomic activity. This study may thus contribute to an optimal selection of therapy strategies that would lead to more successful therapy plans for these patients in the future.
